Abstract-The non-coding RNA (ncRNA) elements in the 3' untranslated regions (3'-UTRs) are known to participate in the genes' post-transcriptional regulation, such as their stability, translation efficiency, and subcellular localization. Inferring co-expression patterns of the genes by clustering their 3'-UTR ncRNA elements will provide invaluable knowledge for further studies of their functionalities and interactions under specific physiological processes. In this work, we propose an improved RNA structural clustering pipeline that takes into account the length-dependent distribution of the structural similarity measure. Benchmark of the proposed pipeline on Rfam data clearly demonstrates over 10% performance gain, compared to a traditional hierarchical clustering pipeline. By applying the proposed clustering pipeline to Drosophila melanogaster's 3'-UTRs, we have successfully identified 184 ncRNA clusters, of which 91.3% appear to be true RNA structural elements, based on RNAz's prediction. Among the clusters we have rediscovered the well-known histone ncRNA family as well as a number of other families whose potential functionalities may be inferred from existing studies. One of such families contains genes that are preferentially expressed in male Drosophila. In situ hybridization further reveals their characteristic 'cup' or 'comet' localization patterns in Drosophila testis. The complete clustering results are available at http://genome.ucf.edu/fly3UTRcluster.
I. INTRODUCTION
Post-transcriptional control is the regulation at the protein level through the existing mRNAs by modifying their stability, translation efficiency and subcellular locations. Many of the regulations are found to be triggered by RNA-protein or RNA-RNA interaction which usually occurred in the 3' untranslated regions (3'-UTRs) of the mRNA [1] . For instance, in eukaryotes, the sequence or structural elements in the 3'-UTR of some genes under regulation serve as 'zip-code', determining the fate of their corresponding mRNAs through interaction with transportation or entrapment proteins, or signalling molecules [2] . In addition, the conserved histone 3'-UTR stem loop [3] further suggests that ncRNA elements with similar sequence and structure often lead to similar regulatory patterns. In this work, we are particularly interested in identifying common non-coding RNA (ncRNA) elements from the 3'-UTRs, and using such information to infer the corresponding genes' co-regulation or co-expression patterns.
Recently, Rabani et al. identified a number of 3'-UTR ncRNA elements from Drosophila melanogaster genome [4] using improved stochastic context-free grammar (SCFG). They detected several structured ncRNA elements from experimentally verified co-localized genes [5] . Because experimental determination of the gene expression patterns (both temporal and spatial) can be expensive, we propose to computationally infer the genes' potential co-regulation pattern through structural clustering before conducting real experiments. We will first use existing ncRNA discovery tools such as RNAz [6] and EvoFold [7] to reveal the candidate structured regions in the 3'-UTRs, and then pairwise structural alignment tools such as LocARNA [8] to compute the structural similarities between the candidate ncRNA elements. Finally, we will cluster the candidate ncRNA elements from 3'-UTRs based on their structural similarity and predict the co-expression patterns of those clustered genes.
However, the clustering performance, despite the fact that high-quality pairwise alignments can be generated by many state-of-the-art alignment tools (i.e. LocARNA achieves over 80% sum-of-pair score even for RNA sequences with <40% identity), remain relatively low (the F-measure for clustering pipeline based on LocARNA is only 64.8%). We conjecture that the performance bottleneck may exist in the clustering algorithm itself, rather than the structural alignment quality. Specifically, we notice that the local structural alignment scores, which appear to be length-dependent, are fed into the hierarchical clustering algorithm without normalization. The consequence is that hierarchical clustering may merge longer ncRNA candidates with higher priority, rather than those with higher structural similarity. Such problem also exists in many of the existing clustering pipelines, such as [9] - [12] . To normalize the structural alignment scores, we simulate the RNA structure alignment score distribution through a number of randomly generated alignment scores. We will then compute statistical meaningful P -values for the structural similarity scores. We also take advantage of the normalized measures and replace the hierarchical clustering by the more efficient and robust clique-finding style clustering. In addition, the clique clustering method is capable of outputting disjoint clusters without further human interaction.
We have conducted benchmark experiments against the LocARNA clustering pipeline on Rfam [13] to demonstrate the performance gains made by our proposed clustering method improvement. We chose the same data set (see MATERIALS AND METHODS section) and structural alignment tool (LocARNA) for the comparison. We have seen that by incorporating the clique clustering method, we are able to increase the F-measure, a comprehensive measurement for recall and precision, from 64.8% to 74.9%. Note that in order to reach the LocARNA clustering performance, the correct Rfam classification is required to parse the hierarchical tree and determine the optimal cutting level with the specified recall rate. On the other hand, our results can be achieved completely automatically and require no additional information.
We then have applied our clique clustering method on 3'-UTR of D. melanogaster genes and have found 184 3'-UTR ncRNA families, among which 91.3% are predicted to contain structural element by RNAz. The histone stem-loop are rediscovered among these clusters with high accuracy, in addition to many other gene clusters whose cooperations under certain physiological processes are suggested by existing studies. As an example, we present one cluster (C19), in which the genes are preferentially expressed in male Drosophila and exhibit characteristic testis localization patterns. All information regarding the 184 identified clusters is compiled and freely available at our supplementary website: http://genome.ucf.edu/fly3UTRcluster.
II. MATERIALS AND METHODS

A. Generating Random RNA Structural Alignment Scores
We propose that the valid random ncRNA structures should have the following two properties: (1) low free energy such that they can be considered as stable under natural conditions, and (2) the same length to rule out the length bias. Therefore, given the ncRNA sequence of interest, we generate the random RNA sequences that preserve the original di-nucleotide frequency and the length using AltschulErickson algorithm [14] . Then, we use RNAfold [15] to compute the base-pairing probabilities of the random ncRNA sequences. Finally, we aligned pairing probability matrices of the random sequences with the probability matrix of the sequence of interest using LocARNA. We consider the resulting alignment scores as the background score distribution associated with the sequence of interest.
B. Optimal Parameters Fitting
We intend to find a distribution that can be used to model the simulated background alignment scores. Note that local sequence alignment scores have been shown to follow the extreme value distribution [16] while the behavior of local structural alignment score has not yet been studied. To investigate the local structural alignment score distribution, we tested two forms of extreme value distributions. The first one is the widely used two-parameter Gumbel's distribution, and the second one is the three-parameter general extreme value distribution (using MATLAB build-in functions evfit and gevfit). The fitting results of these two distributions with background alignment scores associated with the Rfam 5S rRNA consensus structure are shown in Figure 1 . The goodness of the fitting is accessed by mean square error (MSE) between the sampled alignment score frequencies and the theoretical frequencies under certain distribution assumption. The experiment results suggest that Gumbel's distribution may not well model the local sequence alignment score distribution. Therefore, the more sophisticated three-parameter general extreme value distribution is used for all successive analysis.
C. Extracting ncRNA Clusters
After curve fitting, we can estimate the statistical significance of the pairwise alignment scores through computation of their P -values. We denote the alignment score distribution associated with the ncRNA element i as D i . Given the two-dimensional matrix S that stores all pairwise alignment scores and a P -value cutoff P c , we can convert S into a boolean matrix I, where I i,j indicates whether the ncRNA elements i and j are structurally significantly similar to each other:
Using this conversion, we are able to remove most of the insignificant edges between candidate structures and speedup the successive clustering analysis. We formulate the cluster extraction problem into a clique-finding problem, and solve it using a modified Cluster Affinity Search Technique (CAST) algorithm [17] . The algorithm will output disjoint cliques in the graph. However, the complete connection restriction of clique definition may be too stringent, such that in some cases it separates an RNA family into many subfamilies. To compensate for this drawback, we merged the output cliques that are strongly connected to each other.
D. Rfam Data Set
We generated two data sets to investigate the performance of the clique clustering method. The first data set is exactly the same as the one used in the LocARNA clustering benchmark. It contains 3,901 individual RNA structures from 499 families in the Rfam [13] seed alignment (with sequences longer than 400 bp and having >80% sequence identities filtered out). This data set is referred to as 'Rfam' data set in the following sections. The second data set contains 263 individual RNA structures from seven families in Rfam seed alignment whose average sequence identities are <50%. These families include 6S, RNase MRP, RNaseP nuc, SE-CIS, T-box, tmRNA and yybp-ykoy. We compiled this data set to confirm that the clique clustering pipeline will also work well on ncRNA families with low sequence identity. This data set is referred to as 'Rfam LowID' data set in the following sections.
E. D. Melanogaster 3'-UTR Candidate ncRNA Elements
The D. melanogaster genome and multiple alignments were downloaded from UCSC genome browser (version dm3). The gene annotation was taken from FlyBase (D. melanogaster version 5.12) [18] . The multiple alignments of the 3'-UTR of each gene were cut and fed into standard RNAz [6] analysis pipeline (using 120 bp window size and 40 bp step size). Sequences with RNAz RNA class probability value greater then 0.5 were taken as potential candidate regions. In total, 3,657 candidate regions were collected. Their base-pairing probability matrices were computed using RNAfold [15] .
III. RESULTS
A. Benchmarking using Rfam Data
Here we compare the clustering performance between our clique clustering method, to the traditional hierarchical clustering method (as used in the LocARNA pipeline). The F-measure, which is a comprehensive measure of both recall and precision, are compared between the two clustering experiments. Figure 2 shows the F-measure for LocARNA hierarchical clustering on Rfam data set (red) and the clique clustering on Rfam (green). It is observed that the clique clustering pipeline outperforms the hierarchical clustering by over 10% of F-measure (74.9% comparing to 64.8%). The peak performance of the clique clustering method is observed around P -value cutoff 0.01 (which is taken in our Drosophila 3'-UTR application). The benchmark results confirm our conjecture that improving the clustering performance itself is as important as developing accurate pairwise structural alignment methods.
Surprisingly, the performance of the clique clustering pipeline on the Rfam LowID data set is even better than that on the Rfam data set. Figure 2 shows the F-measure of clique clustering on Rfam LowID (blue) data set, which has achieved 86.4% for its peak performance. Table I shows F-measure of the clustering performances at different Pvalue cutoffs. Red series: hierarchical clustering with Rfam data set by Will et al. [8] . Green series: clique clustering pipeline with Rfam data set. Blue series: clique clustering pipeline with Rfam LowID data set. The peak performances of the three series are 64.8%, 74.9% and 86.4%, respectively (denoted by broken lines). Note that the cutoff used by Will et al. [8] is recall rate, for which the corresponding P -value cutoff is difficult to estimate. Therefore, only the peak performance is presented. 
B. Finding ncRNA Elements in D. melanogaster 3'-UTR
After benchmarking the clique clustering pipeline on the Rfam data sets, we applied it to the real ncRNA candidates generated from D. melanogaster 3'-UTR (with Pvalue cutoff 0.01). We identified 524 significant clusters that contain at least three structural elements at the beginning.
To further assure the clusters' quality, we first removed the overlapping sequences, which are included by the candidate screening strategy used by RNAz discovery pipeline. We also ensured that the local region aligned within each cluster is consistent. To extract the consistently aligned local regions, we re-performed the pairwise alignments on the clustered ncRNA candidates. We represented each candidate by its longest local region that was commonly (aligned to all other candidates in the cluster) and structurally (annotated as structured region) aligned. If such region is too short (<60% of the longest local common structural region within the cluster) or does not exist, we removed the corresponding candidate from the cluster. This process was carried out iteratively until a high quality consensus local structural region was identified, or the number of potential candidates dropped below three. Finally, we collected 184 ncRNA clusters with high confidence.
We sorted the 184 clusters based on their average incluster P -values. For each cluster, we used mLocARNA to generate the corresponding multiple alignments on their commonly aligned local regions without structural constraint. We also used RNAz to evaluate the quality of the multiple alignments. Since the multiple alignments were generated using structural alignment approach, we chose a di-nucleotide background model and a structural RNA alignment quality decision model of the RNAz for evaluation [19] . We identified 168 (91.3% of all identified clusters) clusters that have RNAz RNA class probability value >0.95, indicating potential true structural elements in these clusters. We have compiled all information regarding these clusters into the supplementary materials and archived them at http://genome.ucf.edu/fly3UTRcluster.
1) Histone Stem-loop Clusters:
The two clusters that are ranked top among all 184 clusters correspond to the histone 3'-UTR stem-loop structures [3] . The histone genes are divided into five major subfamilies: His1, His2A, His2B, His3 and His4. There are 23, 20, 23, 23 and 22 genes annotated as the five subfamilies by FlyBase, respectively. Only 13 His1 genes' and 18 His2A genes' 3'-UTR were included in the candidate regions after RNAz screening (possibly due to flanking sequence contamination). The first cluster (C1) contains 10 out of 13 annotated His1 genes and one other gene, while the second cluster (C2) contains 18 out of 18 annotated His2A genes and three other genes. The three missed His1 genes are clustered together in cluster C7.
While the known histone 3'-UTR structural elements have been rediscovered with high accuracy, the annotation of the remaining clusters is more challenging as they contain many un-annotated genes. However, we were still able to identify several interesting clusters with significant functional enrichments. Due to the limitation of space, we will only present one cluster whose genes are highly preferentially expressed in male Drosophila.
2) Male-biased Gene Cluster: Gene cluster C19 is a striking example of a cluster of 20 transcripts with functionally related genes (see Table II ). Many of the genes in this cluster show either a male-biased and/or testesenriched expression pattern, and/or localized expression in post-meiotic spermatids. Of the genes for which data is available, 69% (11/16) show male biased expression (fold enrichment: min 5-fold, max 6,762-fold, median 734-fold), 69% (9/13) show expression enriched in testes compared to ovaries (fold enrichment: min 3-fold, max 772-fold, median 175-fold), and 80% (4/5) show a highly specific expression pattern in spermatids (see Table II ). The spermatid expression is very specific with transcription occurring in post-meiotic spermatids and subcellular localization of the mRNA (described as either 'cup' or 'comet') to the distal region of spermatids [23] . This expression pattern is also highly unusual and was only observed in 24 testes-expressed genes (among 529 genes that have been investigated). Given the fact that our cluster contains only five genes which have been investigated, and four of them exhibit the 'cup' or 'comet' localization pattern, hypergeometric test indicates that the probability to observe this result by chance is less than 1.6 * 10 −5 . The enrichment of genes with male-biased expression pattern in this cluster and their highly specific localization patterns suggest potential post-transcriptional regulation induced by their common 3'-UTR ncRNA elements.
CG10998
CG8489 CG9611 CG34218 Figure 3 . The localized gene expression patterns in fly testes [22] of four genes identified by 3'-UTR RNA clustering. The consensus and multiple alignment of the 3'-UTR structure can be found in Figure 4 . These four images were created in the laboratory of Dr. Helen White-Cooper, are copyright c of Helen White-Cooper, and were first published in FlyTED, the Drosophila Testis gene Expression Database (http://www.fly-ted.org), from which these copies were obtained [22] .
To further confirm the correlation between the 3'-UTR ncRNA element and the genes' expression patterns, we conducted a search for genes with similar 3'-UTR elements. We used cmsearch [24] to search the 3'-UTR ncRNA element [23] . The expression of the gene is highly male-biased as well, with 1,549 expression level for adult male of 5 days and 2 for adult female of 5 days. Furthermore, this gene is annotated to be highly expressed in testis by FlyBase. The second ncRNA element strides over the translational ending site of CG15059. The gene CG15059 is also highly male-biased expressed, showing expression level of 1,497 for adult male 5 days and 0 for adult female 5 days. These evidences further support the correlation between the 3'-UTR ncRNA element and genes' expression and functionalities. The multiple structural alignment of the 3'-UTR structured elements of these genes, and the consensus secondary structure, are shown in Figure 4 .
IV. DISCUSSION
We are particularly interested in finding 3'-UTR ncRNA elements that may direct post-transcriptional regulation from the D. melanogaster genome. We have improved the existing clustering pipeline by normalizing the structural alignment scores through simulation and adopting the clique-finding style clustering algorithm. We performed benchmark tests against the LocARNA hierarchical clustering pipeline to demonstrate the performance improvement made by our new (((((((((((((((((((((((.....) )))))))))))))).)))))))))))) CG10998 CGGCGGAUUGGAUGGAAGGCAGUGCAC--AUAG-GCAGUGCCUUCUA-UUCGAACUGUUG CG34218 CAUACGCAGACCAAUUACUCCACGCUCAU-UUUAGCGU--AGUGAUU-GGGUUGCACUUG CG8489 -CAGUCAGAACUACCCGAAUGGUAUGGGUCUGCCACAGCAUUGGGGUCAGUUCUGAUUCG CG9611 CUCGACCAUGCCCACAAACAAUCAAUC-UAUGGAUUGGCUGUUUGUG-GACAUGGAUGAG CG12993 GUUGCUCUUAGCUUUAUAUUCCAUCAG--GUUGAAGUGAAAUGUAGA-GCUAAGAGCAAC The consensus structure and multiple alignment, produced by mLocARNA [8] , of the 3'-UTR ncRNA elements from the genes with malebiased expression. The first four genes correspond to those identified in cluster C19 and show characteristics 'cup' or 'comet' localization patterns. The other two genes are discovered by cmsearch. The multiple alignment depicts the highly conserved stem-loop structure of the 3'-UTR ncRNA elements.
clustering method. Then we applied the improved clustering pipeline to 3'-UTR of the D. melanogaster genome and revealed 184 ncRNA element clusters. We presented one gene cluster that shows highly male-biased expression pattern and is experimentally verified to have 'cup' or 'comet' localization pattern in fly testis. These findings largely enriched our current understanding of 3'-UTR ncRNA elements and their correlation with post-transcriptional regulation. Although structural conservation scored by RNAz indicate high clustering accuracy, it remains challenging to conduct functional analysis for the identified clusters. It is because of the fact that most of the identified genes are not annotated. For example, we tried to use functional enrichment analysis tools such as g:profiler [25] and Ontologizer [26] , and pathway searching tools such as IPA (Ingenuity Pathway Analysis), to reveal potential correlation between the genes within a cluster. But most of the queries failed due to incomplete gene annotation. We also tried to map the gene clusters using experimental colocalization data [5] , yet similarly, only a few of the genes appear to be well studied. As the functionalities of these genes are elucidated, we expect that more clusters can also be biologically explained. We also expect that researchers will refer and design experiments to confirm our predictions.
